Introduction
Chronic cholestatic liver diseases are a leading indication for liver transplantation in children and adults.
1,2 They include primary biliary cirrhosis, primary sclearosing cholangitis, extrahepatic biliary arresia, idiopathic adulthood ductopenia, idiopathic neonatal hepatitis, Byler's disease, and arteriohepatic dysplasia. 3, 4 A number of drugs, sarcoidosis, total parenteral nutrition, chronic liver transplant rejection and graft-versus-host disease can also cause chronic cholestasis. 5 This leads to liver injury and will finally progress to portal fibrosis, cirrhosis and endstage liver disease necessitating liver transplantation. Ursodeoxycholic acid is currently the most promising therapy for chronic cholestatic liver diseases; 6 however, it cannot prevent fibrosis. 7 How cholestasis induces liver injury and fibrosis is not clear; one possible mechanism is that accumulation of hydrophobic bile acids causes oxidative stress in the liver. 8 In biliary obstructed rats, hepatic glutathione levels and activities of catalase, superoxide dismutase and glutathione peroxidase decreased significantly, while dichlorofluorescein fluorescence, 4-hydroxynonenal and malondialdehyde levels increased, fibrosis in the liver and increased collagen ␣1 mRNA about 20- 
fold. These effects were reduced significantly by Ad-Mn-SOD, but not by Ad-Cu/Zn-SOD. In addition, bile duct ligation increased 4-hydroxynonenal, a product of lipid peroxidation, activated NF-B and increased synthesis of TNF␣ and TGF-␤. These effects were also blunted significantly by Ad-Mn-SOD, but not by Ad-Cu/Zn-SOD. Taken together, it is concluded that cholestasis causes liver injury by mechanisms involving mitochondrial oxidative stress. Gene delivery of mitochondrial Mn-SOD blocks formation of oxygen radicals and production of toxic cytokines thereby minimizing liver injury caused by cholestasis.
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showed that hepatic mitochondria generate reactive oxygen species when isolated hepatocytes are exposed to hydrophobic bile acids; 8, 9 therefore, mitochondrial free radical production during cholestasis is likely the mechanism of cholestatic liver injury. However, oxypurinol which inhibits xanthine oxidase, reduced hepatocelluar injury without decreasing lipid peroxidation in mitochondria and microsomes, indicating that mitochondrial oxidative stress does not play an important role. 12 Therefore, the major resource of free radicals remains unclear.
Superoxide dismutase (SOD), a potent antioxidant enzyme, has been shown to minimize a variety of oxidative injuries in vitro and in vivo. 13, 14 If oxidative stress plays an important role in cholestasis-induced hepatic injury, increased SOD in the liver by gene delivery should be protective. There are three major isoforms of SOD found in mammalian species, 15 the cytosolic (Cu/Zn-SOD), mitochondrial (Mn-SOD) and extracellular (Cu/Zn-SOD) SOD. 16 Accordingly, this study was designed to investigate if gene delivery of mitochondrial Mn-SOD and cytosolic Cu/Zn-SOD would minimize liver injury and fibrosis caused by experimental cholestasis. Indeed, bile duct ligation causes liver injury and fibrosis as expected, and these effects were reduced significantly by gene delivery of mitochondrial Mn-SOD.
Results
Expression of ␤-galactosidase and superoxide dismutase in the liver following viral gene delivery Experimental design is depicted in Figure 1 . ␤-Galactosidase is not detectable in livers from rats receiving nor- mal saline or Ad-Mn/SOD as expected (data not shown). However, 3 days after infection with recombinant adenoviral vectors (Ad, 3 × 10 9 p.f.u.) containing lacZ, ␤-galactosidase was detected in the liver (data not shown). Over 90% of hepatocytes were infected by virus carrying lacZ. Consistent with previous reports, 17 these results indicate that adenovirus can effectively infect liver cells.
Three days after infection with recombinant adenoviral vectors (Ad) containing the gene for Cu/Zn-SOD (SOD 1 ), cytosolic SOD activity in the liver was increased about four-fold. Infection with virus carrying Mn-SOD (Ad-SOD 2 ) did not significantly alter cytosolic SOD activity ( Figure 2a) ; however, activity of KCN-insensitive SOD (SOD 2 ) in the mitochondria was increased (Figure 2b ). On the other hand, infection with virus carrying Ad-SOD 1 did not significantly alter mitochondrial KCN-insensitive SOD activity (Figure 2b ). Therefore, viral gene delivery increased SOD 1 or SOD 2 activities in the expected subcellular compartments in the liver. Three weeks after bile duct ligation, cytosolic Cu/Zn-SOD activity was 2.1-fold higher in livers from Ad-SOD 1 -treated rats than Ad-lacZtreated rats and mitochondrial Mn-SOD activity was 1.8-fold higher in livers from Ad-SOD 2 -treated rats than AdlacZ-treated rats (data not shown). This is consistent with a previous study from this laboratory which showed that SOD activity remained two-fold higher than controls 3 weeks after infection, 18 indicating that transgene product is expressed in the liver over a long time period.
Effects of SOD expression on liver injury caused by experimental cholestasis
Serum ALT levels were about 25 U/l in untreated rats ( Figure 3 blunted ALT release by about 70% (Figure 4 , upper panel).
Serum alkaline phosphatase (ALP) levels were about 60 U/l in untreated rats and were also not altered by AdlacZ infection or sham-operation ( Figure 3 , lower panel). Serum ALP levels increased to about 380 U/l 1 day after bile duct ligation and then decreased gradually to 280 U/l in 3 weeks (Figure 3 , lower panel). Infection with Ad-SOD 1 blunted ALP release about 25% (Figure 4 , lower panel). In contrast, infection with Ad-SOD 2 blunted release by about 50% (Figure 4 , lower panel). These results indicate that expression of SOD protects liver against injury caused by cholestasis, and that SOD 2 is more effective than SOD 1 .
Normal liver architecture was observed after Ad-lacZ infection and sham operation (data not shown). One to 2 weeks after bile duct ligation, bile duct proliferation, focal necrosis and white blood cell infiltration were overt in livers from rats receiving Ad-lacZ (data not shown). These pathological changes were not significantly altered by Ad-SOD 1 but were minimized by Ad-SOD 2. Apoptotic cells were minimal (approximately 0.1%) in livers from sham-operated rats, but increased to approximately 3% 3 weeks after bile duct ligation (data not shown). This effect was not significantly altered by Ad-SOD 1 (2.7%), but was minimized by Ad-SOD 2 (1.5%). Survival rates were around 92% in bile duct-ligated rats and were not statistically different among groups studied. Fibrosis occurs in livers from rats which received Ad-lacZ 2 weeks after bile duct ligation (data not shown) and became more severe in 3 weeks (upper right panel). Infection with Ad-SOD 1 did not block hepatic fibrosis (lower left panel). In contrast, Ad-SOD 2 significantly minimized fibrosis caused by cholestasis (lower right panel). The relative Sirius red-stained area was about 0.8% in shamoperated rats and was increased to about 19% 3 weeks after bile duct ligation (Figure 6a ). Infection with Ad-SOD 1 did not affect hepatic fibrosis (Figure 6a ). In contrast, infection with Ad-SOD 2 significantly blunted increases in Sirius red-positive area caused by cholestasis (Figure 6a) . Similar results were observed in trichromestained sections (Figure 6b ). Collagen ␣1 mRNA was barely detectable in livers from sham-operated rats (Figure 7a ). Three weeks after bile duct ligation, however, it was increased significantly around 19-fold (Figure 7a and b) . Ad-SOD 1 only blunted the increase slightly; in contrast, Ad-SOD 2 blunted the increases by 62% (Figure 7a and b) .
Effects of SOD expression and experimental cholestasis on hepatic fibrosis and collagen ␣1 mRNA

Effects of experimental cholestasis and SOD expression on 4-hydroxynonenal
To investigate whether cholestasis causes oxidative stress in the liver, 4-hydroxynonenal, a product of lipid peroxidation, 19 was detected immunohistochemically (Figure 8 ). 4-Hydroxynonenal was not detectable in livers from sham-operated rats as expected (upper left panel); however, 3 weeks after bile duct ligation, 4-hydroxynonenal (brown staining) was increased significantly (upper right panel). Ad-SOD 1 slightly blunted the increase (lower left panel); in contrast, Ad-SOD 2 largely blunted the increases (lower right panel).
Effects of experimental cholestasis and SOD expression on NF-B, TNF␣ and TGF-␤
NF-B is barely detectable in livers from sham-operated rats ( Figure 9 , upper panel). Three weeks after bile duct ligation, however, the NF-B/DNA complex was increased around three-fold ( Figure 9 , upper and lower panels), indicating activation of NF-B. After addition of specific antibodies to p50 and p65 subunits, both bands were supershifted as expected (data not shown), verifying that protein binding to labeled oligonucleotide probe is specific for the active form of NF-B. Ad-SOD 1 did not inhibit NF-B activation. In contrast, Ad-SOD 2 blunted activation significantly ( Figure 9) .
A minimal amount of TGF-␤1 and 3 mRNA is detect- Figure 6 Quantitation of hepatic fibrosis after bile duct ligation. Conditions as in Figure 5 . able in livers from rats which received Ad-lacZ and sham operation. In contrast, bile duct ligation significantly increased TGF-␤1, 2 and 3 mRNA. TGF-␤2 and 3 were also increased dramatically in rats receiving Ad-SOD 1 after bile duct ligation. However, Ad-SOD 2 significantly blocked the increases in expression of all TGF-␤s studied (Figure 10a ). TNF␣ mRNA was barely detectable in livers from sham-operated rats (Figure 10b ), but was significantly increased after bile duct ligation (Figure 10b ). Ad-SOD 1 did not alter this effect overtly. However, increases were largely prevented by Ad-SOD 2 (Figure 10b ). 
Discussion Viral gene delivery of superoxide dismutase minimizes cholestasis-induced liver injury
Cholestasis leads to liver injury and will finally progress to fibrosis necessitating liver transplantation. 1,3 Current therapy for cholestasis, such as ursodeoxycholic acid cannot prevent fibrosis; 7 therefore, it would be useful to develop new strategies to prevent cholestasis-induced liver injury and fibrosis. Gene therapy causes stable expression of protective enzymes and proteins and could be a promising strategy. 20 Previous studies suggested that oxidative stress probably plays an important role in cholestasis-induced liver injury, 8, 9, 21 and superoxide dismutase (SOD), a potent antioxidant enzyme, has been shown to minimize a variety of oxidative injuries in vitro and in vivo. 13, 14 Accordingly, its effect was assessed here in an experimental model of cholestasis. Indeed, bile duct ligation caused ALT and ALP release (Figures 3 and 4) , cell necrosis, leukocyte infiltration (data not shown) and overt fibrosis (Figures 5 and 6 ) in the liver as expected. 22 In addition, the number of apoptotic cells also increased Gene Therapy in bile duct-ligated livers, which, on the one hand, reflects increased cell injury and, on the other hand, frequently accompanies accelerated cell proliferation. Infection with adenovirus carrying SOD genes significantly reduced livery injury, and more importantly, minimized fibrosis caused by cholestasis (Figures 5 and 6 ). Interestingly, mitochondrial Mn-SOD is more effective than cytosolic Cu/Zn-SOD in preventing fibrosis caused by cholestasis. This finding is consistent with a previous study, which showed that hepatic mitochondria are the major organelle producing reactive oxygen species when hepatocytes are exposed to hydrophobic bile acids. 8 Therefore, it is concluded that gene delivery of Mn-SOD is a promising strategy for reduction of fibrosis caused by cholestatic diseases because of its unique subcellular location. It is unclear, however, if fibrosis were merely delayed or actually permanently attenuated by Ad-SOD. Therefore, longterm experiments will be performed in the near future to address this issue.
Although gene delivery of Mn-SOD with adenovirus effectively protects against hepatic injury caused by experimental cholestasis, immune response caused by adenovirus infection will remove transduced cells from the host gradually, thus preventing permanent increases of SOD in the liver. For treatment of chronic cholestatic disease in the clinics, therefore, vectors exhibiting stable, long-term expression such as rAAV or lentivirus should be used. 23, 24 Viral gene delivery of superoxide dismutase prevents increases in TNF␣ and TGF-␤ How does superoxide dismutase reduce cholestasisinduced liver fibrosis? One possibility is that superoxide dismutase degrades superoxide radicals produced by cholestasis thus blocking damage to cell membranes and other macromolecules. Since massive cell death could subsequently lead to excessive repair and fibrosis, prevention of cell death could reduce subsequent fibrosis. Indeed, gene delivery of Mn-SOD significantly decreased ALT and ALP release and necrosis of parenchymal cells ( Figures 3, 4 and 5) and minimized subsequent fibrosis (Figures 5 and 6 ).
An alternative possibility is that superoxide dismutase prevents formation of inflammatory and fibrogenic cytokines, such as TNF␣ and TGF-␤ and activation of NF-B during cholestasis. It is known that TGF-␤ inhibits proliferation of quiescent stellate cells; however, in activated stellate cells it causes proliferation and strongly stimulates production of collagens, 25, 26 thus playing a crucial role in liver fibrosis. Oxidative stress not only increases production of TGF-␤ but also activates latent TGF-␤. 27, 28 In addition, it activates NF-B and c-myb leading to activation of stellate cells. 29 Platelet-derived growth factor and TNF␣ are mitogenic factors for stellate cells, 25, 30 and TNF␣ activates stellate cells probably by stimulating p38 MAP kinase and JNK activity. 31 Importantly, TNF␣ production and NF-B activation increase during cholestasis, 32, 33 probably due to oxidative stress and/or endotoxemia. Therefore, it is possible that cholestasis causes liver injury and fibrosis by increasing NF-B activation and production of TNF␣ and TGF-␤. Indeed, formation of 4-hydroxynonenal, activation of NF-B and increases of TNF␣ and TGF-␤ mRNAs were all observed in this study after bile duct ligation (Figures 8, 9 and 10 ), leading to increases in the synthesis of collagen (Figure 7 ). Gene delivery of SOD blocked these effects (Figures 7, 8, 9 and 10), supporting the hypothesis that SOD prevents oxidative stress thus blocking activation of NF-B and production of TNF␣ and TGF-␤. Previous studies showed that H 2 O 2 activated transcriptional factors, such as AP-1 and NF-B. 34 It would be expected that SOD overexpression increases production of H 2 O 2 thus increasing activation of these factors. However, in biological systems, catalase is highly effective at rapidly degrading H 2 O 2 ; therefore, accumulation of H 2 O 2 is unlikely.
Liver fibrosis is a complicated process which involves many types of cells. Activated stellate cells are the major source of matrix proteins in diseased liver, 35 and activation of quiescent stellate cells is a general response to injury that is influenced by a wide variety of cytokines and second messengers. 25 Kupffer cells release many mediators that activate stellate cells including TNF␣, TGF-␤, HGF, PDGF and reactive oxygen species. 25, 36 In addition, endothelial cells release TGF-␤ and endothelin-1 which cause contractility and proliferation of stellate cells. 37 It is possible that cholestasis causes oxidative stress in Kupffer cells leading to production of cytokines, which activates stellate cells leading to fibrosis. This study showed that TNF␣ and TGF-␤ were increased by cholestasis, and that these effects were blocked by Mn-SOD (Figure 10 ). These data support the hypothesis that Ad-SOD 2 reduces fibrosis, at least in part, by preventing release of TNF␣ and TGF-␤ ( Figure 10) ; however, which cell types are involved is not clear and should be studied in the future.
Materials and methods
Animals
Male Sprague-Dawley rats (200-250 g) were fed a standard rat chow diet. Recombinant adenovirus containing the transgene for either ␤-galactosidase (Ad-lacZ), Cu/Zn-SOD (Ad-SOD 1 ) or Mn-SOD (Ad-SOD 2 ) was prepared by the UNC vector core as described elsewhere. 38 Briefly, the plasmid shuttle vector pAd5.CMV.lacZ was constructed by standard cloning protocols as described by Graham and Prevec. 39 The adenoviral shuttle plasmid was transfected into the permissive HEK 293 host cell line to generate recombinant Ad-lacZ adenovirus. Virus isolates were plaque-purified and propagated in HEK 293 cells, isolated, concentrated and titered by plaque assay. Recombinant adenoviruses containing the transgenes for either human Cu/Zn-superoxide dismutase (Ad-SOD 1 ) or Mn-superoxide dismutase (Ad-SOD 2 ) were received as seed stocks as a kind gift from Dr John Engelhardt of the University of Iowa 40 and propagated in a similar manner. Virus (3 × 10 9 p.f.u.) was diluted in 0.5 ml normal saline and injected into the tail vein. In preliminary studies from this laboratory, doses ranging from 1 × 10 8 to 1 × 10 11 p.f.u. adenovirus were administered to rats. It was found that infection rates of liver cells increased to over 80% when doses of adenovirus ranging from 1-3 × 10 9 p.f.u. were used. Infection of Ad-SOD at these doses almost completely prevented ischemia/reperfusion injury after liver transplantation and largely prevented ethanol-induced early liver injury. 17, 18 Further elevation in dose did not increase transduction; however, an immune response was stimulated as indicated by increased white blood cell count, thereby accelerating elimination of viral vectors and resulting in a shorter transgene expression. Based on these previous studies, a dose of 3 × 10 9 p.f.u. adenovirus was chosen for this experiment. Three days after viral infection (Figure 1 ), rats underwent bile duct ligation and transection (BDL) or sham operation under ether anesthesia as described elsewhere. 22 Briefly, the common bile duct was located through a midline abdominal incision, double-ligated near the liver and transected between ligatures. All animals received humane care in compliance with institutional guidelines.
Clinical chemistry and histology
Blood samples were collected from the tail vein at times indicated in the scheme in Figure 1 , and serum alkaline phosphatase and alanine transaminase were detected using analytic kits from Sigma. On the day of death (Figure 1 ), animals were anesthetized with pentobarbital (75 mg/kg, i.p.), the abdomen was opened and the portal vein was cannulated with a 20-gauge i.v. cannula. The liver was rinsed using a syringe containing 10 ml normal saline followed by slow infusion of 5 ml 10% buffered formaldehyde. Liver sections were then fixed into 10% buffered formaldehyde for 48 h. Sections were stained with hematoxylin-eosin, 0.1% Sirius red F2BA and Fast green FCF 41 or trichrome using Masson's method. Apoptotic cells were assessed morphologically by identifying Gene Therapy condensed and fragmented nuclei from 2000 cells in H& E slides using methods described elsewhere, 42 and areas in sections stained for collagens by Sirius red F2BA or trichrome were quantified by image analysis. 43 An Image-1/AT image acquisition and analysis system (Universal Imaging, Chester, PA, USA) incorporating an Axioskop 50 microscope (Carl Zeiss, Thornwood, NY, USA) was used to capture and analyze Sirius red-and trichrome-stained tissue sections at ×40 magnification. Detection thresholds were set for the appropriate color of stained collagen based on an intensely labeled point and a default color threshold range was assigned. The degree of labeling in each section was determined from the area within the color range divided by the total cellular area.
Detection of lipid peroxidation
4-Hydroxynonenal is a product of lipid peroxidation. 19 To detect 4-hydroxynonenal formation in the liver, some sections were deparaffinized with xylene and taken through a graded series of alcohol and water mixtures to rehydrate the tissue. Hydrated sections were exposed to mouse anti-4-hydroxynonenal monoclonal antibodies at a 1:200 dilution in PBS-Tween for 30 min at room temperature. Peroxidase-conjugated anti-mouse IgG 1 antibody was then applied, and DAB chromagen was added as the peroxidase substrate. After the immunostaining procedure, a light counterstain of Meyer's hematoxylin was applied so that 4-hydroxynonenal-labeled cells could be identified easily.
Immunohistochemistry for ␤-galactosidase ␤-Galactosidase immunohistochemistry was performed on 5-mm paraffin sections mounted on glass slides. Sections were deparaffinized in xylene, rehydrated in a series of graded alcohol concentrations and placed in phosphate buffered saline with 1% Tween 20. Immunohistochemistry was performed with a monoclonal primary mouse antibody, anti-␤-galactosidase (Boehringer-Mannheim, Mannheim, Germany), and the EnVision demonstration kit (Dako, Carpinteria, CA, USA). The primary antibody was diluted 1:500 with 1% bovine albumin (Sigma, St Louis, MO, USA) dissolved in PBS. The procedure then followed the instructions outlined by the manufacturer.
Detection of superoxide dismutase activity
About 100 mg liver tissue was homogenized in 500 l of buffer containing 40 mm Tris, 140 mm NaCl and a protease inhibitor cocktail including aprotinin, leupeptin, PMSF and dithiothreitol (pH 7.6). Mitochondria and cytosol were obtained from the liver homogenate by differential centrifugation, 44 and superoxide dismutase (SOD) activity was measured by inhibition of the reduction of ferricytochrome c. 45 The sample (10 l) was added to a solution containing 50 mm K 2 HPO 4 , 0.1 mm Na 2 EDTA, 0.5 mg/ml cytochrome c, and 0.25 mg/ml xanthine. In addition, 10 m sodium azide was added to inhibit cytochrome c peroxidase, and 5 U/ml of catalase was added to eliminate H 2 O 2 . In some experiments, 1.5 mm KCN was added to inhibit Cu/Zn-SOD so that Mn-SOD, which is not inhibited by KCN, could be measured. Generation of superoxide was initiated by the addition of 0.004 units of xanthine oxidase. After 8-min incubation at room temperature, the reaction was stopped by addition of 800 l of 2.8% NaHCO 3 , and the absorbance at 550 nm was measured. SOD activity was estimated based on a standard curve generated using purified bovine erythrocyte superoxide dismutase (Boeringer Mannheim). Protein was measured by the BioRad Protein Assay (BioRad, Hercules, CA, USA).
NF-B determination using electrophoretic mobility shift assays
Measurement of NF-B by electrophoretic mobility shift assay (EMSA) was performed as described in detail elsewhere. 46 Briefly, nuclear extracts from liver tissue were incubated with 1 g poly (dI-dC) in a buffer containing 1 mm HEPES (pH 7.6), 40 mm MgCl 2 , 0.1 m NaCl, 8% glycerol, 0.1 mm DTT, and 0.05 mm EDTA. 32 P-labeled DNA probe (2 l) with the consensus sequence for NF-B (200 000 c.p.m./l, Cerenkov counting) containing 0.4 ng of double-stranded oligonucleotide was added with or without a 250-fold excess of the cold oligonucleotide as competitor. Mixtures were incubated 20 min and separated through a 6% polyacrylamide (29:1 cross-linking) gel, and autoradiography was followed by visualization. To confirm specificity of the DNA/protein interaction, supershift assays was performed with antibodies specific for p50 and p65 subunits of activated NF-B followed by analysis of the DNA/protein/antibody complexes on 5% native PAGE. 47 RNase protection assay for collagen ␣1, TNF␣ and TGF-␤ mRNA Total RNA was isolated from liver tissue using RNA STAT 60 (Tel-Test, Friendswood, TX, USA). RNase protection assays were performed using the RiboQuant multiprobe assay system (Pharmingen, San Diego, Ca, USA) or an individual probe. Briefly, using multiprobe template sets for TNF␣ and TGF-␤ (rCK-1 and rCK-3) or a single probe template for collagen-␣I, ( 32 P) RNA probes were transcribed with T7 polymerase followed by phenol:chloroform extraction and ethanol precipitation. Twenty micrograms of total RNA per sample were hybridized to 3.4 × 10 5 c.p.m. of probe overnight at 56°C and digested with RNase followed by proteinase K treatment, phenol:chloroform extraction, and ethanol and ammonium acetate precipitation. Samples were then resolved on 5% acrylamide-bisacrylamide (19:1) urea gels. After drying, gels were visualized by autoradiography. 48 Statistical analysis ANOVA and the Student-Newman-Keuls post-hoc tests were used, and P Ͻ 0.05 was selected before the study to indicate significance.
